Aspergillus oryzae KACC 40247 was selected from among 60 fungal strains as an effective 7,8,4
Isoflavones are naturally occurring diphenolic phytoestrogens almost exclusively found in leguminous plants, predominantly the soybean. [1] [2] [3] Isoflavones in soybean exist in twelve forms. There are nine glycoside forms, daidzin, genistin, glycitin, 6 00 -O-acetyldaidzin, 6
00 -O-acetylgenistin, 6 00 -O-acetylglycitin, 6 00 -O-malonyldaidzin, 6
00 -O-malonylgenistin, and 6 00 -O-malonylglycitin, and three aglycone forms, daidzein, genistein, and glycitein. 4) The distribution of the various isoflavone forms is dependent on the processing conditions used to produce soybeans. Isoflavones act as antioxidants, 5) antimicrobial agents, 6) antibacterial agents, 7) antihemolytic agents, 5) free radical scavengers, 8) and metal chelators. 8) They also show therapeutic effects in humans against osteoporosis, 9) cancer, [10] [11] [12] [13] cardiovascular disease, 9) and menopausal symptoms. 14) 7,8,4 0 -Trihydroxyisoflavone (8-hydroxydaidzein) has recently attracted much attention in view of its pharmaceutical and cosmetic effects, which include antiproliferative agent, 15) aldose reductase inhibitor, 16) antimutagenesis, 17) tyrosinase inhibitor, 18) depigmenting activities, 19) and inhibition of Helicobacter pylori urease. 20) Hydroxylation of isoflavones can be achieved by chemical and biological methods, but chemical synthesis involves critical problems, including the formation of byproducts, low product yield, and numerous reaction steps. 21) The microbial hydroxylation of isoflavones has been proposed as a potentially useful method because of its high regiospecificity. 8-Hydroxydaidzein has been produced from daidzin, daidzein, soybean, soybean extract, and soygerm koji by microorganisms isolated from fermented soybean foods such as Aspergillus saitoi IAM 2210, 22, 23) A. oryzae BCRC 32288, 18, 24) and Micrococcus or Arthrobactor, 25) but these produced not only 8-hydroxydaidzein at a low product concentration and poor productivity but also other hydroxyisoflavones as byproducts. 18, [22] [23] [24] [25] Therefore, an efficient 8-hydroxydaidzein-producing microorganism that does not form byproducts should be selected from among the various soybean-fermenting microorganisms, and the culture conditions for such a microorganism should be optimized in a fermentor for the industrial production of 8-hydroxydaidzein.
In this study, we selected an 8-hydroxydaidzeinproducing fungus, A. oryzae KACC 40247, from 60 fungal strains based on the hydroxylation reaction of soybean extract in fermentation. The culture conditions, including temperature, pH, and agitation speed for the conversion of daidzin to 8-hydroxydaidzein by this strain, were optimized in a fermentor. Under the optimum conditions, the production of 8-hydroxydaidzein was increased by adding daidzin or daidzein as a precursor during cultivation.
Materials and Methods
Materials. Soybeans were purchased from a local market in Seoul. The isoflavone standards for genistin, glycitin, genistein, and glycitein were from Sigma-Aldrich (St. Louis, MO). Daidzin and hydroxydaidzeins were from LC Laboratories (Woburn, MA). Daidzein was from Alfa Aesar (Ward Hill, MA). High-performance liquid chromatography (HPLC)-grade acetonitrile and acetic acid were from Fisher Scientific (Hanover Park, IL). Dimethyl sulfoxide (DMSO) was from y To whom correspondence should be addressed. Tel: +82-2-4543118; Fax: +82-2-4446176; E-mail: deokkun@konkuk.ac.kr Biosci. Biotechnol. Biochem., 77 (6), [1245] [1246] [1247] [1248] [1249] [1250] 2013 Duksan Pure Chemicals (Ansan, Korea). All other regents were from Sigma-Aldrich.
Preparation of soybean extracts. Soybean extracts were prepared by the method described by Esaki et al. 23) Whole soybeans (250 g) were soaked overnight in 1 L of water at 26 C. The mixture was heated to 105 C for 60 min, cooled to room temperature, and filtered through a sieve. Small and large particles were removed by centrifugation at 3;000 Â g for 30 min at 4 C, and the supernatant was filtered through Whatman filter paper no. 2. The filtrate was autoclaved at 121 C for 15 min, and was used as the medium for 8-hydroxydaidzein production.
Culture conditions. Spores of the fungi were grown on a potato dextrose agar (PDA) plate in an incubator at 26 C for 120 h. Eight agar pieces (10 Â 10 mm) from the plate were inoculated into a 100-mL baffled flask containing 25 mL of soybean extract and cultivated at 30 C, initial pH 6.0, at 200 rpm for 48 h. For the fermentor experiments, agar of A. oryzae KACC 40247 (320 pieces/L) from the plate were inoculated in a 7-L fermentor (Bioton, Bucheon, Korea) containing 2 L of soybean extract. Unless otherwise stated, cultivation was done at 30 C, at pH 6.0, at an agitation speed of 300 rpm and an aeration rate of 1 vvm for 42 or 48 h. To evaluate the effect of temperature on 8-hydroxydaidzein production in the fermentor, cultivation was done at various temperatures between 24 and 34 C. To assess the influence of pH on 8-hydroxydaidzein production, cultivation was carried out in media at pH varying from 4.0 to 7.0. The pH of the medium was controlled during cultivation by adding 1 M HCl or ammonia. The effect of agitation speed on 8-hydroxydaidzein production was investigated by varying the agitation speed from 200 to 500 rpm. Samples were withdrawn at regular intervals and extracted by adding an equal volume of ethyl acetate. The extracted samples were evaporated in a centrifugal vacuum concentrator and resuspended in 50 mL of DMSO.
Addition of precursor in a fermentor. The effect of precursor daidzin or daidzein on 8-hydroxydaidzein production was investigated by adding them in varying concentrations at several time points during culture. The precursor of 416 mg/L of daidzin or 127 mg/L of daidzein was added at 3, 6, 9, 12, and 15 h. The optimum time to add daidzin or daidzein was 12 h. Hence, at 12 h of culture time, 208, 416, 832, 1,248, and 1,664 mg/L daidzin were added, which corresponded to 0.5, 1, 2, 3, and 4 mM daidzin respectively, and 127, 254, and 381 mg/L daidzein were added at 12 h, which corresponded to 0.5, 1, and 2 mM daidzein respectively.
Analytical methods. Isoflavones were analyzed using an HPLC system (Agilent 1100, Agilent, Santa Clara, CA) equipped with a UV detector at 254 nm and a C18 column (50 Â 4:6 mm, YMC, Kyoto, Japan). The column was operated at 35 C with a gradient of solvent A (3% acetic acid/water v/v) and solvent B (water/acetonitrile/ acetic acid, 50:50:3 v/v/v) that went from a ratio of 75:25 to 40:60 in 12 min and then from 40:60 to 75:25 in 3 min. The flow rate was 1.5 mL/min. Substrates daidzin, glycitin, and genistin were detected by their retention times of 2.7, 3.0, and 4.5 min respectively. Intermediates daidzein, glycitein, and genistein were detected based on their retention times of 7.9, 8.8, and 11.3 min respectively. Products 8-hydroxydaidzein, 3 0 -hydroxydaidzein, and 6-hydroxydaidzein were detected based on their retention times of 4.1, 5.5, and 6.1 min respectively. The retention times of products 8-hydroxygenistein and 6-hydroxygenistein were estimated to be 6.9 and 7.2 min respectively based on those as found in the production of hydroxygenisteins by A. oryzae cytochrome P450 (CYP 57B3).
26) The isoflavones in both the soybean extract and the culture were identified based on their retention times, which were the same as those of the isoflavone standards. The amounts of isoflavones in the soybean extract and the culture were determined using linear calibration curves and correlating the peak areas to the concentrations of isoflavone standards. The isoflavones in the soybean extract were analyzed by the LC-MS system (Varian, Palo Alto, CA) with a ProStar 335 photodiode array detector, a 500-ion trap mass spectrometer, and a Pursuit XPs C18 column. The column was operated with a gradient of solvent A (water) and solvent B (acetonitrile containing 0.1% formic acid) that went from a ratio of 95:5 to 0:100 in 30 min. After that, the column was operated at a ratio of 0:100 in 35 min and then at 95:5 in 40 min. The flow rate was 0.2 mL/min. Chromatographic mass spectrometry was performed with an electrospray ionization source over a range of 100-1,000 m=z in negative mode.
Results and Discussion
Selection of an efficient 8-hydroxydaidzein-producing fungus 8-Hydroxydaidzein is produced from daidzin via daidzein by fungi through hydroxylation reactions ( Fig. 1) . 22) To select an efficient 8-hydroxydaidzeinproducing fungus, 60 fungal strains were cultivated at 30 C at an initial pH of 6 for 48 h in a baffled flask containing the solution extracted from 25% w/v soybean. Among the 60 fungal strains, 17, 5, and 7 strains of the Aspergillus genus produced 8-hydroxydaidzein, 6-hydroxydaidzein, and 8-hydroxygenistein from the soybean extract respectively (Supplemental Table S1 ; see Biosci. Biotechnol. Biochem. Web site). However, 3 0 -hydroxydaidzein, and 6-hydroxygenistein were not detected in any of the Aspergillus genus strains. A. oryzae KACC 40247, A. saitoi KCTC 6908, and A. oryzae KACC 40232 showed the highest concentrations of 8-hydroxydaidzein (62 mg/L), 6-hydroxydaidzein (29 mg/L), and 8-hydroxygenistein (12 mg/L) after 48 h, respectively. Hence, A. oryzae KACC 40247 was selected as an efficient 8-hydroxydaidzein-producing fungus, and it was used in all subsequent experiments on 8-hydroxydaidzein production.
Identification of hydroxyisoflavones in the culture of A. oryzae KACC 40247
The isoflavones in the soybean extract consisted of 96 mg/L of daidzin, 82 mg/L of genistin, 4.5 mg/L of glycitin, 10 mg/L of daidzein, 9.0 mg/L of genistein, and 13 mg/L of glycitein, and they exhibited the same retention times as those of the standards (Fig. 2) . The LC-MS profiles of isoflavones in soybean extract are shown in Supplemental Fig. S1 . The peaks of hydroxygenisteins were observed earlier than that of genistein in HPLC profiles using a C18 column, 26) but the peaks of hydroxygenisteins during the fermentation of A. oryzae KACC 40247 were not found in the HPLC profile. At When 127 mg/L (0.5 mM) of genistein was added at 12 h of fermentation time during the fermentation of A. oryzae KACC 40247, no peaks of hydroxygenisteins in the HPLC system were observed (Supplemental Fig. S2 ). Thus, this strain did not produce hydroxygenisteins from genistein. Genistein, which is transformed from genistin, can be modified to dihydrogenistein or 6 0 -hydroxy-O-desmethylangolensin by other enzymes without hydroxylation.
2)
Optimization of culture conditions for 8-hydroxydaidzein production in a fermentor
The fermentation kinetics for the production of 8-hydroxydaidzein by A. oryzae KACC 40247 in a 7 Lfermentor were determined by varying temperature, pH, and agitation speed (Table 1) . In order to assess the effect of temperature on 8-hydroxydaidzein production, cultivation were carried out by varying temperatures from 22 to 34 C at the constant pH and agitation speed of 6.0 and 300 rpm during cultivation. Maximum production of 8-hydroxydaidzein was observed at 30 C after 30 h. Cultivation was carried out at pH values ranging from 4.0 to 7.0. The pH values were held constant by the addition of HCl or ammonia solution. Production of 8- a Fermentation at pH 6 with agitation at 300 rpm b Fermentation at 30 C with agitation at 300 rpm c Fermentation at 30 C and pH 6 m max , maximum specific growth rate; X, cell mass; P, 8-hydroxydaidzein production; Q P , 8-hydroxydaidzein productivity; P/X, specific 8-hydroxydaidzein content; Time, maximum production time of 8-hydroxydaidzein. hydroxydaidzein was maximum at pH 6.0, and production at pH 4.0 and pH 7.0 was approximately 70% and 60% of maximum. The effect of agitation speed on 8-hydroxydaidzein production was investigated by carrying out cultivation at varying agitation speeds ranging from 200 to 500 rpm. The optimal agitation speed was 300 rpm. Fermentation conditions affected cell growth and production rates, resulting in a different maximum production time for 8-hydroxydaidzein. The higher growth rate at 34 C shortened the maximum production time of 8-hydroxydaidzein, whereas the lower growth rate at 500 rpm extended the time. The lower production rate at pH 7 retarded the maximum production time.
Maximum cell mass, production, productivity, and specific content for 8-hydroxydaidzein were observed at 30 C, pH 6.0, and 300 rpm after 30 h. The maximum specific growth increased with increasing temperature, but the cell mass, production, productivity, and specific content of 8-hydroxydaidzein were significantly lower at 34 C, and they decreased with increasing agitation speeds above 300 rpm. The optimal temperatures for culturing A. saitoi IAM 2210, 23) A. oryzae BCRC 32288, 24) and Micrococcus or Arthrobactor 25) for 8-hydroxydaidzein production were found to be 25, 30, and 30 C respectively.
Under the optimized conditions, of 30 C, pH 6, and 300 rpm, fermentation of A. oryzae KACC 40247 was done ( Supplemental Fig. S3 ). The strain produced 62 mg/L of 8-hydroxydaidzein in 30 h, with a productivity of 2.1 mg/L/h. These are the highest production and productivity values for 8-hydroxydaidzein ever reported. Although the production of 8-hydroxydaidzein in the fermentor was almost the same as that in the flask, the productivity in the fermentor was 1.6-fold higher than that in the flask. To the best of our knowledge, this is the first report on the optimization of culture conditions for the production of 8-hydroxydaidzein in a fermentor. The production of 8-hydroxydaidzein has been performed in a flask, but optimization of culture conditions in a flask has never been attempted. 18, [22] [23] [24] [25] Increases in 8-hydroxydaidzein production due to the addition of precursors in a fermentor
The effects of adding daidzin and daidzein precursors on 8-hydroxydaidzein production have been investigated because 8-hydroxydaidzein is produced from daidzin via daidzein. 22) Daidzin at a concentration of 416 mg/L (1 mM) was added at the 3, 6, 9, 12, and 15 h time points. The production, productivity, and specific content of 8-hydroxydaidzein increased with the addition at the 12 h time point (Fig. 3A and Table 2 ). Cell mass increased with addition time until it reached a plateau at 9 h, but the addition of daidzin at 15 h inhibited 8-hydroxydaidzein production. As shown in cell growth rate significantly decreased after 12 h of fermentation time. The addition of daidzin after the exponential phase can result in inhibition of 8-hydroxydaidzein production. Thus the optimum time to add daidzin was 12 h. At this culture time, various concentrations of daidzin, ranging from 208 mg/L to 1,664 mg/L, were added to the culture broth to increase 8-hydroxydaidzein production. The cell mass, production, productivity, and specific content of 8-hydroxydaidzein were highest with the addition of 1,248 mg/L of daidzin ( Fig. 3B and Table 2 ). Thus the addition of daidzin at a concentration of 1,248 mg/L at 12 h proved to be effective for enhancement of 8-hydroxydaidzein production. Under the optimal conditions for the addition of daidzin, A. oryzae KACC 40247 produced 160 mg/L of 8-hydroxydaidzein after 36 h, at a productivity of 4.4 mg/L/h. The production and productivity of 8-hydroxydaidzein with daidzin addition were 2.6-and 2.1-fold higher than those for fermentation without daidzin addition. The effect of the timing of daidzein addition on 8-hydroxydaidzein production was also studied by adding 127 mg/L (0.5 mM) of daidzein at the 3, 6, 9, 12, and 15 h time points. When 127 mg/L of daidzein was added at 3 h, the cells did not grow. Adding daidzein before a growth time of 12 h decreased the cell mass, production, productivity, and specific content of 8-hydroxydaidzein ( Fig. 4A and Table 2 ). This decrease might have been due to inhibition of cell growth by daidzein. The addition of daidzein at 15 h retarded 8-hydroxydaidzein production. Thus the optimal time to add daidzein proved to be 12 h. To determine the optimal concentration of daidzein, the concentration was varied from 127 to 381 mg/L at 12 h of culture time. Cell mass increased slightly with increasing concentrations of daidzein. The production, productivity, and specific content of 8-hydroxydaidzein were optimized with the addition of 254 mg/L of daidzein ( Fig. 4B and Table 2 ). Under the optimal conditions of daidzein addition, A. oryzae KACC 40247 produced 95 mg/L of 8-hydroxydaidzein, but the conversion yield of daidzin and daidzein in the soybean extract to 8-hydroxydaidzein due to the addition of precursor daidzin and of precursor daidzein was less than 12%. The low conversion yield might have been due to the degradation of the most part of the added daidzin or daidzein by the cells.
The production, productivity, and conversion yield of 8-hydroxydaidzein in solid-state and liquid fermentation by several microorganisms are presented in Table 3 . Soybean extract, soygerm koji, soybean, and daidzein were used as substrates in 8-hydroxydaidzein production. Micrococcus or Arthrobactor produced 3.9 mg/L of 8-hydroxydaidzein from 13.4 mg/L of daidzein a conversion yield of 29% (w/w), the highest previously reported conversion yield. 25 of daidzin plus daidzein at a conversion yield of 58% (w/w). The conversion of 8-hydroxydaidzein by A. oryzae KACC 40247 was 29% higher than the previously reported highest conversion yield. The highest previously reported production and productivity values for 8-hydroxydaidzein in solid-state fermentation by A. saitoi IAM 2210 22) were 46 mg/kg and 0.48 mg/kg/h respectively, and those in liquid fermentation by A. saitoi IAM 2210 were 15 mg/L and 0.17 mg/L/h respectively. 23) Notably, the production and productivity of 8-hydroxydaidzein by A. oryzae KACC 40247 were 4.1-and 12-fold higher than the previously reported highest values respectively. When daidzin was added under the optimal conditions during cultivation, production and productivity were 11-and 26-fold higher than those of the previously reported highest values respectively. These results suggest that this strain is a very efficient producer of 8-hydroxydaidzein, and that daidzin addition is effective in enhancing 8-hydroxydaidzein production.
An efficient method for the production of 8-hydroxydaidzein is an enzymatic method using P450, because there is no metabolic degradation of 8-hydroxydaidzein. However, P450 requires the regeneration of the cofactor. To minimize the degradation of 8-hydroxydaidzein by the cells, a whole cell reaction with recombinant P450 should be used for effective production of 8-hydroxydaidzein. Recently, A. oryzae P450 (CYP 57B3) was proposed to be an isoflavone hydroxylase. This protein showed 3 0 -hydroxylation activity for genistein as a main reaction and also exhibited 8-and 6-hydroxlation activity as minor reactions. 26) To increase the specificity for 8-hydroxylation, mutations of the amino acids on or near the active site should be effected. We intend to clone the P450 gene from A. oryzae KACC 40247, related to the conversion of 8-hydroxydaidzein, and to attempt the specific conversion of daidzin and daidzein to 8-hydroxydaidzein using recombinant whole cells. This method will be proposed as an economic method for the production of 8-hydroxydaidzein.
